In this paper, we report a successful growth of zinc oxide nanowire networks by simple thermal evaporation process by using metallic zinc powder in the presence of oxygen. The morphological investigations of the synthesized nanowire networks are conducted by using field emission scanning electron microscopy (FESEM) which reveals that the grown products are in high-density over the whole substrate surface and possessing nanowire networks like structures. The structural and compositional properties of the grown nanowire networks are analyzed by X-ray diffraction (XRD), transmission electron microscopy (TEM) and energy dispersive spectroscopy (EDS), respectively which confirm that the synthesized products are well-crystalline, with wurtzite hexagonal phase ZnO. The as-grown ZnO nanowire networks grown on silicon substrate are utilized to fabricate n-ZnO/p-Si heterojunction diode and presented in this paper. The I-V characteristics of the fabricated heterojunction diode at different temperatures (77 K-477 K) are also investigated. High values of quality factor, which are obtained from this study, indicate a non-ideal behavior of the fabricated device. The mean barrier height of ∼0.84 eV is also estimated and presented in this paper.
INTRODUCTION
Among various nanostructures, the one-dimensional (1D) or quasi-one dimensional nanostructures, such as nanowires, nanotubes, nanofibers, nanobelts, nanorods, etc. have fascinating distinctive features.
1 2 Therefore, recent research works on 1D nanostructures have received a considerable attention due to the fact that these nanostructures are potentially ideal building blocks for various nano-electronic and nano-photonic devices. Among the galore of semiconductor metal oxide nanostructures, the nanostructure of II-VI semiconductor ZnO is considered as one of the best candidates for different applications due to its own merits and properties. It is an important n-type semiconductor and has various specific properties such as direct and wide band gap (3.37 eV), high breakdown voltage, large saturation velocity, high mechanical and thermal stabilities, large exciton binding energy (60 meV) at room temperature, etc. [1] [2] [3] [4] [5] [6] [7] [8] The larger exciton binding * Authors to whom correspondence should be addressed.
energy, high-mechanical and thermal stabilities of ZnO nanostructures are very attractive for the fabrication of high-efficiency short wavelength optoelectronic devices. 1 Furthermore, these various outstanding properties make ZnO a good candidate for various other high-tech applications such as catalysts, solar cells, field emission devices, sensors and actuators, hydrogen storage, solar cells, electronic and photovoltaic devices, transparent conductive films and so on. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Due to various exotic properties and wide applications, variety of ZnO nanostructures have been synthesized by number of synthesis techniques and reported in the literature. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Among diverse morphologies of ZnO, the 1D nanostructures are the ideal system for studying the transport process in one-dimensionally confined objects which is important for the development of high performance nanodevices. Therefore, it is important to investigate various structural and electrical properties of ZnO nanowires in order to utilize them for the fabrication of efficient nanodevices. This paper reports a facile synthesis of zinc oxide nanowire networks via simple thermal evaporation process by using metallic zinc powder in the presence of oxygen. The as-grown ZnO nanowire network films were investigated in terms of their morphological and structural properties. In addition to this, the as-grown n-ZnO nanowire networks deposited on p-Si substrate were used to fabricate p-n heterojunction diode. Moreover, temperature-dependant characteristics of as-fabricated n-ZnO/p-Si heterojunction diode were also examined and demonstrated in this manuscript.
EXPERIMENTAL DETAILS
Well-crystallized ZnO nanowire networks were grown on a p-type silicon substrate in a horizontal quartz tube furnace with halogen lamp heating system. For the growth of ZnO nanostructures, high-purity metallic zinc powder and high-purity oxygen gas were used as source materials for zinc and oxygen, respectively. In a typical reaction process, ∼1.5 g of metallic zinc powder was put into a ceramic boat and placed at the centre of the quartz tube furnace. The silicon substrate was placed about 7 cm away from the ceramic boat. After placing the substrate and source material inside the quartz tube, the pressure of quartz tube was down up to 266 Pa using the rotary vacuum pump. High purity nitrogen gas (99.999%) was introduced into the quartz tube with the flow rate of 150 sccm (standard cubic centimeters per minute) during the whole reaction process. Here, the nitrogen acted as a carrier gas and created an inert atmosphere inside the furnace during the reaction process. The furnace temperature was raised up to 900 C in 20 min and kept constant for 60 min. Once the furnace temperature reached 900 C, high purity oxygen gas was flowed with rate of 10 sccm until the reaction completed. The reaction was terminated in 60 min and after ending the reaction, the furnace was allowed to cool down to room-temperature. Whitish gray colored ZnO product was deposited onto the whole silicon substrate which was characterized in detail in terms of their details morphological and structural properties. Moreover, the asgrown n-ZnO on p-Si (100) substrate, (n-ZnO/p-Si), was used to fabricate heterojunction diode.
The as-grown ZnO nanowire networks were characterized by using field emission scanning electron microscopy (FSEM), X-ray diffraction (XRD), energy dispersive spectroscopy (EDS) and transmission electron microscopy (TEM) attached with high-resolution TEM (HRTEM). Fabrication of n-ZnO/p-Si heterojunction diode was conducted according to the reported literature.
8 To investigate the electrical properties of fabricated n-ZnO/p-Si heterojunction diode of dimensions (0 5 × 0 5 cm 2 , the current-voltage (I-V) characteristics was studied by using electrometer of type KEITHLEY 6517A under vacuum. Here, the temperature varying (77 K-477 K) (I-V) measurements were carried out by using cryostate of liquid nitrogen and Neytech Qex furnace at 2 torr pressure. The obtained I-V results were fitted to a model of a Gaussian distribution of barrier heights (which suggests that the barrier at the interfaces is not spatially uniform). Corrected value of mean barrier height due to inhomogenities in the junction was obtained. The results obtained from such analysis indicate that such inhomogenities of barrier height are important and cannot be ignored in the temperaturedependent electrical characterization of n-ZnO/p-Si heterojunction diode.
RESULTS AND DISCUSSION

Morphological and Structural Properties of as-Grown ZnO Nanowire Networks
The general morphologies of as-grown ZnO products were examined by scanning electron microscopy and demonstrated in Figure 1 . Figures 1(a) and (b) show the lowand high-magnification SEM images, respectively. This figure reveals that grown products are long nanowires which are interconnected with each other and hence form network-like morphologies. The nanowire networks are grown in high-density over the whole substrate surface as is observed from the low-magnification SEM image ( Fig. 1(a) ). It is seen from the micrograph that the diameters of the nanowires are not the same and their one end is connected with belt-like or small sheet-like morphologies ( Fig. 1(b) ). The average lengths and diameters of asgrown ZnO nanowires are ∼55 ± 15 nm with several tens of micrometers, respectively. To check the crystal phases, crystallinity and compositions of as-grown ZnO nanowire networks different measurements are performed using X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS), respectively, and the results are demonstrated in Figure 2 . related to other impurities are detected in the EDS spectrum which verifies that the grown nanowire networks are pure ZnO. To further check the structural properties of as-grown ZnO nanowire networks, transmission electron microscopy (TEM) attached with high-resolution TEM (HRTEM) analysis is also performed. (Fig. 2(b) ). 
Fabrication and Characterization of n-ZnO
Nanowire Networks/p-Si Substrate Heterojunction Device: Temperature-Dependant Current-Voltage (I-V) Characteristics
The fabrication of n-ZnO/p-Si heterojunction diode is carried out according to the reported literature. 8 The I-V characteristics of the fabricated n-ZnO/p-Si heterojunction diodes are studied at various temperatures ranging from 77 K-477 K in the forward and reverse bias conditions and shown in Figure 4 . The obtained results illustrate a rectifying behavior for the fabricated junction which is clearly indicated by the exponential increase in the forward current with increase in voltage. It can be shown that the junction exhibits a diode-like behavior (which indicates a reasonable Ohmic behavior of Ag contact with ZnO wires and the formation of a Schottky junction between the top of metal contact and the ZnO wires) with turn-on voltage of 5 V at all temperatures. This latter value is larger than that obtained in Refs. [13] [14] [15] [16] [17] Furthermore, the junction exhibits, at 5 V, a rectifying behavior with rectifying ratio of ∼200 at 77 K and decreases to ∼15 at 477 K. At 77 K temperature, the delivered current at this turn-on voltage is the least and in the order of ∼10 −2 A. Here, the low value of current may be attributed to nonuniform growth geometry of nanowires. A gradual increase in current between the latter value and ∼60 mA occurs at the same turn-on voltage when the temperature changes in the range of 77-477 K. Moreover, the fabricated n-ZnO/p-Si heterojunction exhibits also a good leakage current change from ∼10
−5 A at 77 K to ∼10 −2 A at 477 K when the reverse-bias voltage is 5 V. This indicates that the turn-on voltage, breakdown voltage and leakage current have exhibited similar behavior in reverse bias due to the increase in temperature. Such behavior may be attributed to the tunneling effect of ZnO nanowires at the junction. Following the well-known formula that relates junction current to applied voltage, 18 i.e.,
where, I o (T , e, and k are temperature-dependent saturation current, electronic charge, Boltzman constant; ln I versus ln V (Fig. 5 (a) ) and ln I versus V (Fig. 5(b) ) for forward bias of heterojunction diode are plotted. Both plots reveal two regions, having two different slopes at all temperatures. These two regions which correspond to two transport mechanisms are in agreement with those found by others. 13 Region I (V < 14 V), which exhibits a linear dependency of current on the applied voltage, corresponds to a field emission-or tunnelingdominant mechanism. However, region II (V > 14 V) which shows an exponential relation between the current and the applied voltage, may be mainly attributed to recombination-tunneling-dominant mechanism. Moreover, the average slope obtained from Figure 5 (b) , in region I is larger than that in region II at all temperatures. The quality factor, n, which measures the conformity of the diode to pure thermionic emission, can be extracted from the slope of region I (Fig. 5(b) ) while saturation current I o can be obtained from the intercept. Furthermore, the temperature-dependent saturation current, I o (T , has been related to the effective barrier height V eff by the expression:
where, A and A * are the contact area and Richardson constant, respectively. Figure 6 shows the variation of both saturation current and quality factor with temperature for the fabricated n-ZnO/p-Si heterojunction diode. The increase in temperature (excluding the point at T = 477 K) leads to a trend of increase in saturation current and a decrease in quality factor, respectively, at region I. This trend is in agreement with that shown by others.
14 At low-temperature, the values of n are extremely high (i.e., n 1), while at higher temperatures a credible decrease in the temperature sensitivity of n is resulted. The trend of extremely high values of n, in region II, which is attributed to the presence of high concentration of defect states in ZnO nanowires, is found in agreement with that revealed by others. 15 This indicates a non-ideal behavior of the fabricated heterojunction device. The variation of ln I o versus 1/T shown in Figure 7 has similar general behavior to that obtained in Ref. [15] . The slope of straight line fit gives a value of activation energy of ∼84 meV which is larger than the exciton binding energy of ∼60 meV for ZnO.
The net current, at low temperatures, through the Schottky junction may be determined by the current component flowing through localized low-barrier height regions. The high values of quality factor (n 1), derived from the I-V characteristic, may be resulted from latter current component. Furthermore, the gradual increase in the current component flowing through the homogenous region of the Schottky contacts with higher barrier height, which may be attributed to the increase in temperature, causes the observed reduction of quality factor at high temperatures. This scenario may imply the necessity of using a much better model in explaining the inhomogenity in our device with some possible Schottky barrier patches which may exist in the Schottky diode. A better relation than the one used in Eq. (1), via employing a thermionic emission model, may be adopted:
The change of effective barrier height with quality factor at each temperature is shown in Figure 8 . The considerable mismatch in the lattice constant and thermal expansion coefficient between n-ZnO and p-Si at the interface may introduce different defects like dislocation, stacking faults, etc which are likely the origin of localized inhomogenity of the barrier height. The possible inhomogenity in the barrier height for n-ZnO/p-Si which is resulted from such mismatch, allows us to consider a linear relationship between the effective barrier height and the quality factor. However, the scattered data in Figure 8 can be fitted to a straight line. The extrapolation of the straight line to n=1, gives a value of homogenous barrier height of ∼0.84 eV.
Furthermore, the possible presence of lateral fluctuations in Schottky contacts is worth to be studied in our fabricated n-ZnO/p-Si device. The relation between the effective barrier height V eff and the mean barrier height V b is expressed by the following equation:
The modeling of the existing lateral fluctuations can be carried out by using Gaussian distribution of barrier heights with standard deviation s around the mean value V b . Figure 9 shows plot of effective barrier height versus inverse temperature. The values of mean barrier height (∼0.84 eV) and standard deviation (∼0.10 eV) are obtained from the linear fit. This means that the measure of barrier height homogeneity is approximately around 10% of the mean barrier height. The obtained value of mean barrier height is in an excellent agreement with our earlier value of barrier height obtained in this work. However, the obtained value of mean barrier height is larger than the energy difference (∼0.72 eV) of the work function between Si and ZnO; the Fermi level below the vacuum level is 4.97 eV for p-Si and 4.25 eV for ZnO. Moreover, the adopted model allows us to use the relation between the quality factor and temperature which can deal with the barrier height inhomogenity as well, namely:
The two temperature-independent parameters 1 and 2 have values of −0.99 and 0.05 mV, respectively, as extracted from straight line fit of the plot of n −1 − 1 versus the inverse of temperature shown in Figure 10 . The results of quality factor, in Figure 10 , assert that the voltage deformation of the Gaussian distribution of the barrier height is discernible. Figure 11 (a) shows the plot of ln I o /T 2 versus inverse temperature, which demonstrates scattered points, especially at high temperatures. The use of a modified formula becomes necessary in order to recover the deviation of Richardson plot from linearity which is attributed to the barrier inhomogenity. The modified formula can be derived, by using Eqs. (2)-(4), and may be expressed as:
The modified Richardson plot, using Eq. (6), is shown in Figure 11 (b) . When the obtained points are fitted to a straight line, the slope of this line gives the mean barrier height V b = 0 92 eV. It is interesting to note that the modified Richardson plot has a good linearity over the whole temperature range corresponding to single activation energy around V b . Moreover, the mean potential barrier is close to that of 0.84 eV, obtained earlier in our analysis and is larger than the value of 0.72 eV of the energy difference of the work functions between Si and ZnO.
CONCLUSION
In summary, zinc oxide nanowire networks are grown in large quantity on silicon substrate via simple thermal evaporation process by using metallic zinc powder in presence of oxygen. By detailed structural and compositional observations, it is confirmed that the as-grown nanowire networks are well-crystalline, possessing wurtzite hexagonal phase and are composed of zinc and oxygen. The asgrown ZnO nanowire networks grown on silicon substrate are utilized to fabricate n-ZnO/p-Si heterojunction diode. The fabricated n-ZnO/p-Si heterojunction diode exhibits a turn-on voltage of ∼5 V at different temperatures with a mean built-in-potential barrier of 0.84 eV. In addition to this, high values of quality factor obtained from I-V analysis at different temperatures suggest a non-ideal behavior of Schottky junction. The results assert also necessity for the adoption of a model that accounts for the inhomogenity of barrier height in the temperature-dependent electrical characterization of n-ZnO/p-Si heterojunction diode.
